Using both thermal initiation and laser photolytic techniques, we have been studying important kinetic processes in the partial oxidation of methane.
Introduction
Methane is a relatively abundant resource in some remote parts of the world including the north slope of Alaska; however, because of the difficulties of transporting it, much of this methane is now flared at remote oil wells. There is considerable interest in converting this potentially valuable energy resource into -a more easily transportable fuel.
One approach to this is to convert the methane to methanol by partial oxidation using oxygen.
Experiments on the partial oxidation of methane by oxygen have been reviewed recently by Cesser, Hunter, and Prakash.1 Control is essential to prevent the homogeneous gas phase oxidation from reaching the high-temperature regime, where a flame producing CO2 and water results.
The most common approach to this control has been the use of catalysis. However, catalysts will require removal of the H2S present in most natural gas.
Far more desirable would be the development of a homogeneous gas -phase process. Such a process, in principle, could be made robust to many of the compounds that poison catalysts.
At lower temperatures, it is possible to control the homogeneous oxidation to produce methanol as a product. Methanol and carbon monoxide have been observed as products in the thermally initiated partial oxidation of methane at both high pressures (up to 50 atmospheres)2 and near 1 atmosphere pressure.3
For the thermally-initiated oxidation of methane, the initiation reaction and reactions leading to a buildup of relatively stable radicals and precursors for methoxy radicals are Methyl radicals undergo reaction with oxygen via reaction 2 to produce methylperoxy radicals.
The methylperoxy radicals can then react with methane to produce methyl hydroperoxide and a methyl radical via reaction 3 creating a linear chain process.
Methoxy radicals are produced by the following reactions CH3O2H + M > CH3O + OH + M (4) CH3O2 + CH3 > 2 CH3O (5) 
Methane is a relatively abundant resource in some remote parts of the world including the north slope of Alaska; however, because of the difficulties of transporting it, much of this methane is now flared at remote oil wells.
There is considerable interest in converting this potentially valuable energy resource into «a more easily transportable fuel. One approach to this is to convert the methane to methanol by partial oxidation using oxygen.
Experiments on the partial oxidation of methane by oxygen have been reviewed recently by Gesser, Hunter, and Prakash. 1 Control is essential to prevent the homogeneous gas phase oxidation from reaching the high-temperature regime, where a flame producing CO2 and waterresults. The most common approach to this control has been the use of catalysis. However, catalysts will require removal of the H2 S present in most natural gas. Far more desirable would be the development of a homogeneous gas-phase process. Such a process, in principle, could be made robust to many of the compounds that poison catalysts.
At lower temperatures, it is possible to control the homogeneous oxidation to produce methanol as a product. Methanol and carbon monoxide have been observed as products in the thermally initiated partial oxidation of methane at both high pressures (up to 50 atmospheres) 2 and near 1 atmosphere pressure. 3
For the thermally-initiated oxidation of methane, the initiation reaction and reactions leading to a buildup of relatively stable radicals and precursors for methoxy radicals are CH4 + 0 2 > CH3 + H0 2 (1)
CH3 O 2 + CH4 > CH3 O2 H + CH3 (3) Methyl radicals undergo reaction with oxygen via reaction 2 to produce methylperoxy radicals. The methylperoxy radicals can then react with methane to produce methyl hydroperoxide and a methyl radical via reaction 3 creating a linear chain process. 
Reaction 4 is very temperature dependent and will only be important at high temperatures. For conditions where reaction 4 is unimportant, one radical is produced for each radical consumed, resulting in a linear chain. If reaction 4 is important, more than one radical is created by each pass through the chain, and the chain branches with gain for each pass. Reactions 5, 6 , and 7 are radical -radical reactions and will dominate under conditions where the density of radicals is high.
The methoxy radicals react via the following reactions to produce either methanol or formaldehyde:
These reactions (8, 9, and 10) are the primary removal steps for methoxy radical and are the primary production channels for the formation of methanol (via reaction with methane) and formaldehyde (via reaction with oxygen and thermal decomposition) in the chain process.
Since each reaction of methoxy produces another radical, the chain continues to propagate. Competition among these three reactions will determine the relative yields of methanol and formaldehyde.
The OH, HO., and H atoms produce methyl radicals by the following reactions:
H + 02 + M > HO2 + M (12) HO2 + CH4 > H2O2 + CH3 (13) The methyl radicals then undergo reaction with oxygen via reaction 2 and the chain proceeds.
Termination steps in the chain reaction include radical losses by diffusion to the reactor walls and radical -radical reactions such as the followina:4 CH_ + CH3 > C2H6 (14) CH3O2 + CH3O2 > CH3OH + CH2O + 02 (15) HO2 + HO2 > H2O2 + 02 (16) Under the conditions of the experiments reported here, losses by diffusion to the reactor walls probably dominate.
A detailed discussion of radical -radical loss processes is probably not important for understanding these experiments and is beyond the scope of this paper.
Both the time scale and the product yields of the chain reaction are sensitive to the temperature and to the partial pressure of oxygen. The thermal initiation step, reaction 1, has an activation barrier of 56.9 kcal /moles and is thus very sensitive to temperature. In the chain propagation, reactions 3 and 4 appear to be rate limiting, at least in the limit of low radical densities. Reaction 3 hass a barrier of only 18.5 kcal /mole but a relatively small Arrhenius pre -exponential A factor of 3 x 10 -13 cm3 molecule-1 s-1 and may be rate limiting at low pressures. Reaction 4 has a high barrier of 42.9 kcal /mole. At low temperatures and low radical densities, the decomposition of methyl hydroperoxide by reaction 4 is the rate limiting step.
For temperatures where this reaction is very slow, the chain reaction will be a linear chain producing methyl hydroperoxide.
At higher temperatures, the chain reaction will be a branching chain producing three radicals for each pass through the chain.
The reaction products expected under these circumstances are CH3OH, CH2O, and 82 / SPIE Vol. 669 Laser Applications in Chemistry (1986) CH3 + H02 ---> CH3 0 + OH (6) CH3 0 2 + CH3 0 2 ---> 2 CH3 0 + C»2
Reaction 4 is very temperature dependent and will only be important at high temperatures. For conditions where reaction 4 is unimportant, one radical is produced for each radical consumed, resulting in a linear chain. If reaction 4 is important, more than one radical is created by each pass through the chain, and the chain branches with gain for each pass. Reactions 5, 6 , and 7 are radical-radical reactions and will dominate under conditions where the density of radicals is high.
The methoxy radicals react via the following reactions to produce either methanol or formaldehyde :
CH3 0 + 02 ---> CH2 0 + H0 2 (9)
Since each reaction of methoxy produces another radical., the chain continues to propagate. Competition among these three reactions will determine the relative yields of methanol and formaldehyde. The OH, HO 2 , and H atoms produce methyl radicals by the following reactions:
H0 + CH ---> H0 + CH *
The methyl radicals then undergo reaction with oxygen via reaction 2 and the chain proceeds.
Termination steps in the chain reaction include radical losses by diffusion to the reac tor walls and radical-radical reactions such as the following: 4
HO. + HO. ---> H9 0 9 + 0 9 (16)
Under the conditions of the experiments reported here, losses by diffusion to the reactor walls probably dominate. A detailed discussion of radical-radical loss processes is prob ably not important for understanding these experiments and is beyond the scope of this paper.
Both the time scale and the product yields of the chain reaction are sensitive to the temperature and to the partial pressure of oxygen. The thermal initiation step, reaction 1, has an activation barrier of 56.9 kcal/mole 5 and is thus very sensitive to temperature. In the chain propagation, reactions 3 and 4 appear to be rate limiting, at least in the limit of low radical densities. Reaction 3 has 5 a barrier of only 18.5 kcal/mole but a relatively small Arrhenius pre-exponential A factor of 3 x 10" 13 cm3 molecule" 1 s ~l and may be rate limiting at low pressures. Reaction 4 has a high barrier of 42.9 kcal/mole. At low tem peratures and low radical densities, the decomposition of methyl hydroperoxide by reaction 4 is the rate limiting step.
The reaction products expected under these circumstances are CH3 OH, CH2 0, and
The formaldehyde produced may undergo further oxidation to produce CO. Under conditions that produce high radical concentrations, radical -radical reactions to produce methoxy radicals (reactions 5 -7) may become the most important chain propagation steps.
For the thermally -initiated chain reaction to produce methanol, temperatures in the range of 450 °C have been employed. 3 At these high temperatures, complications due to competing reactions within the chain (for example, between reactions 8, 9, and 10) and the further oxidation of methanol become important and lead to a lower yield of desirable products.
In a chain process, the time required to produce a significant amount of product is a function of the rate of initiation, the chain length, and the time required for one pass through the chain.
For a reaction with an activation barrier as high as that of reaction 1, the temperature must be kept high to maintain a rate of initiation that will lead to significant product formation.
If methanol is the desired product, a high reaction temperature is undesirable because it leads directly to other products and to further oxidation of the methanol product.
Nonthermal methyl radical sources such as laser photolysis make the rate of initiation independent of temperature. Nonthermal initiation may allow the reaction to proceed under milder conditions of temperature and pressure, for which the product yields may be quite different from those expected under the conditions necessary for thermal initiation.
Laser -initiated chain reactions have been demonstrated for a number of systems. Hill and Laguna demonstrated that methane /oxygen /SF6 mixtures could be detonated using the output of a CO2 laser. 6 Nesbitt and Leone have studied the chain reactions of chlorine atoms in H2S, in H2, and in CH3SH at room temperature.7,8 Bray and Chou have reported the synthesis of cumenehydroperoxide and t-butylhydroperoxide in the 100 -150 °C temperature range using ultraviolet laser initiation. 9 Reddy has demonstrated that methyl chloride can be produced by the laser initiated chain reaction of Cl atoms and methane,10 and Nesbitt and Leone have studied laser initiated chain reactions of Cl atoms with n-butane and ethane using infrared fluorescence of the vibrationally excited reaction products to follow the chain reaction. In this paper, we present the results of our preliminary studies on laser -initiated chain .
reactions in the partial oxidation of methane by oxygen at temperatures in the 400 -450 °C range.
The primary goal of these experiments was to demonstrate a laser -initiated chain reaction in the partial oxidation of methane by oxygen under conditions in which thermal initiation did not lead to a significant amount of reaction.
Experimental
The basic experimental apparatus is shown schematically in Figure 1 .
The reactor consists of a 22 mm i.d., 26 mm o.d.. quartz tube through which methane and oxygen flow. Schematic of experimental apparatus for the study of both thermal-initiated and laser-initiated partial oxidation of methane by oxygen.
SP /E Vol 669 Laser Applications in Chemistry (1986) / 83 H2 0. The formaldehyde produced may undergo further oxidation to produce CO. Under condi tions that produce high radical concentrations, radical-radical reactions to produce methoxy radicals (reactions 5-7) may become the most important chain propagation steps.
For the thermally-initiated chain reaction to produce methanol, temperatures in the range of 450°C have been employed. 3 At these high temperatures, complications due to competing reactions within the chain (for example, between reactions 8, 9, and 10) and the further oxidation of methanol become important and lead to a lower yield of desirable products.
In a chain process, the time required to produce a significant amount of product is a function of the rate of initiation, the chain length, and the time required for one pass through the chain. For a reaction with an activation barrier as high as that of reaction 1, the temperature must be kept high to maintain a rate of initiation that will lead to sig nificant product formation. If methanol is the desired product, a high reaction temperature is undesirable because it leads directly to other products and to further oxidation of the methanol product. Nonthermal methyl radical sources such as laser photolysis make the rate of initiation independent of temperature. Nonthermal initiation may allow the reaction to proceed under milder conditions of temperature and pressure, for which the product yields may be quite different from those expected under the conditions necessary for thermal initiation.
Laser-initiated chain reactions have been demonstrated for a number of systems. Hill and Laguna demonstrated that methane/oxygen/SF 6 mixtures could be detonated using the output of a C02 laser. 6 Nesbitt and Leone have studied the chain reactions of chlorine atoms in H2 S, in H 2 , and in CH3 SH at room temperature. 7 * 8 Bray and Chou have reported the synthesis of cumenehydroperoxide and t-butylhydroperoxide in the 100-150°C temperature range using ultra violet laser initiation. 9 Reddy has demonstrated that methyl chloride can be produced by the laser initiated chain reaction of Cl atoms and methane, 10 and Nesbitt and Leone have studied laser initiated chain reactions of Cl atoms with n-butane and ethane using infrared fluorescence of the vibrationally excited reaction products to follow the chain reaction. In this paper, we present the results of our preliminary studies on laser-initiated chain reactions in the partial oxidation of methane by oxygen at temperatures in the 400-450°C range. The primary goal of these experiments was to demonstrate a laser-initiated chain reaction in the partial oxidation of methane by oxygen under conditions in which thermal initiation did not lead to a significant amount of reaction. Suprasil quartz windows (2.5 cm diameter) are fused at right angles to the gas flow for transmitting the photolysis laser light into the reactor for laser -initiated experiments. The cell is heated in three zones by commercial clamshell heater elements which consist of helically wound wire (chromium, aluminum, iron alloy) embedded in a ceramic structure. The cell sits within these elements, which are wrapped with fiberglass tape and surrounded by Fiberfrax insulation to minimize heat loss. Temperatures are measured with a thermocouple that can be moved to probe various locations within the reactor.
Temperatures are controlled with simple variable transformers.
Methane is preheated in a 30 cm long zone.
Oxygen is introduced through a variable position 6 mm diameter quartz tube into the flow reactor.
In most experiments, the oxygen is introduced approximately 2.5 cm upstream from the windows.
The methane and oxygen then flow a distance of 30 cm through the heated zone. The reaction is quenched by collisions with a water cooled tube at the downstream end of the reactor.
The product and unreacted gases are sampled into a 10 cm long infrared absorption cell. Yields of CO, CO2, and CH3OH are determined by infrared absorption measurements using a Nicolet Fourier transform infrared spectrometer.
In later experiments, the water cooled quench region was replaced with a heated zone in which the infrared cell and the gas lines leading to it were all heated to 70 °C to test whether condensation of water vapor might be perturbing the experimental results.
High purity methane and oxygen are used as reactants. The pressure in the cell is measured with a capacitance manometer, and the gas flows are measured and controlled using Tylan The photolysis laser is a Lumonics 860 rare gas -halide excimer laser operating on ArF at 193 nm.
The typical fluence (energy /cm2) used in the experiments is 19 mJ /cm2. The laser is operated at a repetition rate of 5 Hz.
Typical operating conditions are a temperature of 723 K. total pressure of 1650 torr, 9.95% oxygen (164 torr), and flows of 0.2 -1.1 standard liter /minute.
Residence times in the cell are varied by changing the flow rates. In a series of experiments, typically four different residence times are measured, one of which is repeated to verify that the results are reproducible.
In the preliminary experiments described here, temperature uniformity in the reactor was not ideal and varied by as much as 25 degrees over the region of interest.
Results and Discussion
Thermally initiated experiments were done to establish a baseline for interpreting the results of the laser initiated experiments. In early experiments with a stainless steel reaction cell, no reaction was observed; when a quartz liner was inserted, reaction was then observed.
All results reported here were with the quartz cell described above. No differences were observed in the product distributions when the products were collected under water cooled and heated conditions, indicating that condensation of water was not a factor.
The addition of acetone as a methyl radical precursor enhanced the thermal initiation of the chain reaction slightly.
The results of both the thermal and laser experiments can be understood in terms of the simple mechanism presented in the introduction. Figure 2 is a typical infrared spectrum of the products from thermal initiation of a 10% mix of oxygen in methane at a total pressure of 1650 torr and 450 °C. Although the spectrum . is dominated by methane and water absorption, the absorption bands of CO, CH3OH, and CO2 are distinctive and do not appear to overlap the bands of any other reactants or products. The major carbon-containing product detected is CO; significant amounts of methanol and CO2 are also produced.
The amounts of CO, CH3OH, and CO2 produced as a function of residence time in the cell are plotted in Figure 3 .
To assess the effect of secondary oxidation of methanol produced in the reaction, small amounts of methanol were injected with the methane.
For residence times of 12 s, the resulting methanol analyzed by infrared absorption was 80% of the injected methanol.
The production of CO and CO2 was unaffected by the injection of methanol.
At a residence time of 48 s, where most of the oxygen is consumed, 62% of the methanol survived. It is assumed that the methanol measured is the sum of the methanol produced in the chain reaction plus the methanol injected. These results would seem to indicate that secondary oxidation of methanol in the reactor does not dramatically lower the methanol yield.
For the laser initiation experiments, acetone was photolyzed at 193 nm using the short pulsed output of an ArF excimer laser to give a prompt source of methyl radicals.
The absorption cross section of acetone at 193 nm is relatively large (3.6 x 10`18 cm2, measured with a Cary 17 ultraviolet spectrometer).
Methyl radicals and carbon monoxide have been identified as the major photofragments of acetone photolysis at 193 nm.14 Under the 84 / SPIE Vol 669 Laser Applications in Chemistry (1986) Suprasil quartz windows (2.5 cm diameter) are fused at right angles to the gas flow for transmitting the photolysis laser light into the reactor for laser-initiated experiments. The cell is heated in three zones by commercial clamshell heater elements which consist of helically wound wire (chromium, aluminum, iron alloy) embedded in a ceramic structure. The cell sits within these elements, which are wrapped with fiberglass tape and surrounded by Fiberfrax insulation to minimize heat loss. Temperatures are measured with a thermocouple that can be moved to probe various locations within the reactor. Temperatures are con trolled with simple variable transformers.
Methane is preheated in a 30 cm long zone. Oxygen is introduced through a variable posi tion 6 mm diameter quartz tube into the flow reactor. In most experiments, the oxygen is introduced approximately 2.5 cm upstream from the windows. The methane and oxygen then flow a distance of 30 cm through the heated zone. The reaction is quenched by collisions with a water cooled tube at the downstream end of the reactor. The product and unreacted gases are sampled into a 10 cm long infrared absorption cell. Yields of CO, CO2 , and CH3 OH are deter mined by infrared absorption measurements using a Nicolet Fourier transform infrared spec trometer. In later experiments, the water cooled quench region was replaced with a heated zone in which the infrared cell and the gas lines leading to it were all heated to 70°C to test whether condensation of water vapor might be perturbing the experimental results.
High purity methane and oxygen are used as reactants. The pressure in the cell is meas ured with a capacitance manometer, and the gas flows are measured and controlled using Tylan mass flow controllers.
For experiments with laser initiation, a small amount of reagent grade acetone is premixed in a stainless steel tank with methane, so that the acetone concentration can be easily regulated by controlling the flow of the mix.
The photolysis laser is a Lumonics 860 rare gas-halide excimer laser operating on ArF at 193 nm. The typical fluence (energy/cm2 ) used in the experiments is 19 mJ/cm 2 . The laser is operated at a repetition rate of 5 Hz.
Typical operating conditions are a temperature of 723 K, total pressure of 1650 torr, 9.95% oxygen (164 torr), and flows of 0.2-1.1 standard liter/minute. Residence times in the cell are varied by changing the flow rates. In a series of experiments, typically four different residence times are measured, one of which is repeated to verify that the results are reproducible. In the preliminary experiments described here, temperature uniformity in the reactor was not ideal and varied by as much as 25 degrees over the region of interest.
Thermally initiated experiments were done to establish a baseline for interpreting the results of the laser initiated experiments.
In early experiments with a stainless steel reaction cell, no reaction was observed; when a quartz liner was inserted!, reaction was then observed. All results reported here were with the quartz cell described above. No differences were observed in the product distributions when the products were collected, under water cooled and heated conditions, indicating that condensation of water was not a factor.
The results of both the thermal and laser experiments can be understood in terms of the simple mechanism presented in the introduc tion. Figure 2 is a typical infrared spectrum of the products from thermal initiation of a 10% mix of oxygen in methane at a total pressure of 1650 torr and 450°C. Although the spectrum is dominated by methane and water absorption, the absorption bands of CO, CH3 OH, and CO2 are distinctive and do not appear to overlap the bands of any other reactants or products. The major carbon-containing product detected is CO; significant amounts of methanol and CO 2 are also produced. The amounts of CO, CH3 OH, and CO 2 produced as a function of residence time in the cell are plotted in Figure 3 .
To assess the effect of secondary oxidation of methanol produced in the reaction, small amounts of methanol were injected with the methane. For residence times of 12 s, the re sulting methanol analyzed by infrared absorption was 80% of the injected methanol. The production of CO and C0 2 was unaffected by the injection of methanol. At a residence time of 48 s, where most of the oxvgen is consumed, 62% of the methanol survived. It is assumed that the methanol measured is~ the sum of the methanol produced in the chain reaction plus the methanol injected. These results would seem to indicate that secondary oxidation of methanol in the reactor does not dramatically lower the methanol yield.
For the laser initiation experiments, acetone was photolyzed at 193 nm using the short pulsed output of an ArF excimer laser to give a prompt source of methyl radicals. The absorption cross section of acetone at 193 nm is relatively large (3.6 x 10" 18 cm2 , meas ured with a Gary 17 ultraviolet spectrometer). Methyl radicals and carbon monoxide have been identified as the major photofragments of acetone photolysis at 193 nm. 14 Under the RESIDENCE TIME (seconds) Figure 3 . Amounts of CH3OH, CO, and CO2 produced by thermal initiation at several different residence times in the cell at 450 °C, total pressure of 1650 torr, and 10% oxygen. CO and CO2 are scaled down by factors of 40 and 2, respectively.
same conditions of 1650 torr total pressure, 10% oxygen, and 450 °C, 0.7 torr of acetone was added to the gas flow and photolyzed using the repetitive output of the ArF laser. At the laser fluences used, approximately 7% of the acteone was photolyzed per laser shot in the 2.5 cm zone in the center of the cell exposed to the laser light. Runs were made sequentially at various residence times in which a thermally initiated run was made and analyzed and then a second run was made with the laser photolysis.
Laser initiation of the reaction noticeably affected both the product distribution and the amount of products produced for a given residence time. Production of CO, CH3OH, and CO2 are shown in Figure 4 .
For the production of both CO and CH3OH, significantly more product is produced using laser initiation than for thermal initiation at the same residence time. Much more methanol and carbon monoxide were produced by laser initiation than can be accounted for by simple photolysis of acetone and direct formation of products by the methyl radicals, indicating that each methyl radical is producing many passes through the chain reaction.
Production of CO2, however, is only slightly affected by the form of initiation. This is illustrated in Figure 5 where the infrared spectra of methanol and CO2 are shown for both thermal and laser initiation.
The CO2 product appears to be related more closely to residence time than the mode of initiation. This is an encouraging result, since unconventional initiation should shorten the residence time in the cell and thus minimize the secondary chemistry, resulting in better yields of desirable products. Figure 2 . FTIR spectrum of the methane/oxygen gas mixture following reaction at 450°C. RESIDENCE TIME (seconds) Figure 3 . Amounts of CH 3 OH, CO, and CO 2 produced by thermal initiation at several different residence times in the cell at 450°C, total pressure of 1650 torr, and 10% oxygen. CO and CO2 are scaled down by factors of 40 and 2, respectively.
same conditions of 1650 torr total pressure, 10% oxygen, and 450°C, 0.7 torr of acetone was added to the gas flow and photolyzed using the repetitive output of the ArF laser. At the laser fluences used, approximately 7% of the acteone was photolyzed per laser shot in the 2.5 cm zone in the center of the cell exposed to the laser light. Runs were made sequen tially at various residence times in which a thermally initiated run was made and analyzed and then a second run was made with the laser photolysis.
Laser initiation of the reaction noticeably affected both the product distribution and the amount of products produced for a given residence time. Production of CO, CH3 OH, and C02 are shown in Figure 4 .
For the production of both CO and CH3 OH, significantly more product is produced using laser initiation than for thermal initiation at the same res idence time. Much more methanol and carbon monoxide were produced by laser initiation than can be accounted for by simple photolysis of acetone and direct formation of products by the methyl radicals, indicating that each methyl radical is producing many passes through the chain reaction. Production of C0 2 , however, is only slightly affected by the form of initiation. This is illustrated in Figure 5 where the infrared spectra of methanol and C02 are shown for both thermal and laser initiation.
The C02 product appears to be related more closely to residence time than the mode of initiation. This is an encouraging result, since unconventional initiation should shorten the residence time in the cell and thus minimize the secondary chemistry, resulting in better yields of desirable products. RESIDENCE TIME (seconds) Figure 4 .
Amounts of CH ,,OH, CO, and CO2 produced by both laser initiation and thermal initiation when 0.7 torr of acetone is added to the 1650 torr mix of 10% 02 /CH4 at 450 °C at two different residence times. CO and CO2 are scaled down by factors of 40 and 2, respectively. Infrared spectra showing the effect of laser initiation compared to thermal initiation when 0.7 torr of acetone is added to the methane /oxygen mix at 450 °C.
One goal of this project has been to find a viable means of converting methane into methanol.
The preliminary results shown above indicate that under conditions of relatively high oxygen /methane ratios, CO is the dominant product.
A key question to address is whether reducing the oxygen /methane ratio should improve this product yield to favor the production of methanol.
As discussed earlier, the time scale for the production of significant amounts of product is a function of the initiation step and of the rate limiting steps in the chain reaction. The product yields, however, are more a function of competitive channels in the chemistry of particular radicals in the chain reaction. RESIDENCE TIME (seconds) Figure 4 . Amounts of CH2 OH, CO, and CO 2 produced by both laser initiation and thermal initiation when 0.7 torr of acetone is added to the 1650 torr mix of 10% 02 /CH 4 at 450°C at two different residence times. CO and CO 2 are scaled down by factors of 40 and 2, respectively.
THERMAL INITIATION
. NOTE -r LASER INITIATION 1100 900 700 1100 900 WAVE NUMBER 700 Figure 5 . Infrared spectra showing the effect of laser initiation compared to thermal initiation when 0.7 torr of acetone is added to the methane/oxygen mix at 450°C.
One goal of this project has been to find a viable means of converting methane into methanol. The preliminary results shown above indicate that under conditions of relatively high oxygen/methane ratios, CO is the dominant product.
A key question to address is whether reducing the oxygen/methane ratio should improve this product yield to favor the production of methanol.
As discussed earlier, the time scale for the production of sig nificant amounts of product is a function of the initiation step and of the rate limiting steps in the chain reaction. The product yields, however, are more a function of competi tive channels in the chemistry of particular radicals in the chain reaction.
For the partial oxidation of methane to produce methanol, the fate of the methoxy radical is particularly important.
Reaction 8, the reaction of methoxy with methane, is the main source of methanol, while reactions 9 and 10 are the primary competitive removal steps for methoxy radical.
In this system at 450 °C, formaldehyde produced by these reactions presumably decomposes to form the CO observed experimentally. The observation that production of both CO and CH;OH are enhanced by laser initiation suggests that both are produced by the chain reaction.
For higher relative methanol yields (compared to CO), the oxygen/ methane ratio must be lowered to minimize the deleterious effect of reaction 9.
Assuming no losses by collisions with the wall, a constant oxygen /methane ratio, no methoxy consuming reactions other than reactions 8, 9, and 1.0, and no subsequent chemistry of methanol produced, the relative methanol /[CO, CH2O] yield can be calculated analytically and is given by The results are displayed graphically in Figure 6 .
Clearly, a reduced oxygen /methane ratio leads to a higher relative methanol yield. Figure 6 also indicates that the relative methanol yield is better at temperatures lower than 450 °C and that there is an optimum temperature for the best relative yield. At low temperatures, the methoxy chemistry is dominated by reactions with oxygen while at very high temperatures, the thermal decomposition of methoxy is very important.
At intermediate temperatures and low oxygen /methane ratios, the reaction of methoxy radical with methane to produce methanol becomes the dominant removal reaction for methoxy. In principle, initiating the chain reaction at these intermediate temperatures by laser or other nonthermal techniques should give better control of the chemistry.
The rate constants k8(T) and kl0(T) have not been measured experimentally and are estimates.
The decomposition rate constant k10(T) has been estimated in an earlier study15 to be quite different from the value recommended by Tsang and Hampson.5 In that case, while a low oxygen /methane ratio continues to be critical for a high relative methanol yield, the predicted temperature dependence is much less dramatic.
Clearly, it is important that these critical rate constants be evaluated experimentally.
The simple model given above predicts a higher methanol yield than we observe experimentally.
There may be several reasons for this.
First, as discussed above, the rate constants k8(T) and k10(T) have not been measured experimentally and in their evaluation, Tsang and Hampson5 place uncertainties of factors of 3 and 4, respectively, on these two rate constants.
That could account for much and perhaps all of the discrepancy.
Second, wall reactions are not accounted for in the present mechanism. This could lead to decomposition channels to produce CO not considered in the above discussion.
In particular, under these conditions the methylperoxy radical and methyl hydroperoxide are particularly long lived and wall reactions of these important species must be considered. Third, at the flow rates used in these experiments back diffusion is not negligible and may play a role.
In particular, this diffusion makes the definition of residence time in the cell somewhat
For the partial oxidation of methane to produce methanol, the fate of the methoxy rad ical is particularly important. Reaction 8, the reaction of methoxy with methane, is the main source of methanol , while reactions 9 and 10 are the primary competitive removal steps for methoxy radical.
In this system at 450°C, formaldehyde produced by these reactions presumably decomposes to form the CO observed experimentally. The observation that produc tion of both CO and CH 3 OH are enhanced by laser initiation suggests that both are produced by the chain reaction.
Assuming no losses by collisions with the wall, a constant oxygen/methane ratio, no methoxy consuming reactions other than reactions 8, 9, and 10, and no subsequent chemistry of methanol produced, the relative methanol/[CO, CH 2 O] yield can be calculated analytically and is given by
From this expression, the relative methanol yield is a function of the oxygen/methane ratio and temperature but does not depend on the total pressure.
Using the reaction rate constants recommended by Tsang and Hampson, 5 the relative methan ol yields can be calculted as a function of oxygen/methane ratio arid temperature. Using as rates , kg = 2. The results are displayed graphically in Figure 6 . Clearly, a reduced oxygen/methane ratio leads to a higher relative methanoi yield. Figure 6 also indicates that the relative methanol yield is better at temperatures lower than 450 °C and that there is an optimum temperature for the best relative yield.
At low temperatures, the methoxy chemistry is dominated by reactions with oxygen while at very high temperatures, the thermal decomposi tion of methoxy is very important.
At intermediate temperatures and low oxygen/methane ratios, the reaction of methoxy radical with methane to produce methanol becomes the dominant removal reaction for methoxy.
In principle, initiating the chain reaction at these intermediate temperatures by laser or other non thermal techniques should give better control of the chemistry.
Tiie rate constants k8 (T) and k 1() (T) have not been measured experimentally and are esti mates. The decomposition rate constant k 10 (T) has been estimated in an earlier study 15 to be quite different from the value recommended by Tsang arid Hampson. 5 In that case, while a low oxygen/methane ratio continues to be critical for a high relative methanol yield, the predicted temperature dependence is much less dramatic.
The simple model given above predicts a higher methanol yield than we observe experi mentally.
There may be several reasons for this. First, as discussed above, the rate constants k8 (T) arid k 10 (T) have not been measured experimentally and in their evaluation, Tsang and Hampson 5 place uncertainties of factors of 3 and 4, respectively, on these two rate constants. That could account for much arid perhaps all of the discrepancy. Second, wall reactions are not accounted for in the present mechanism.
This could lead to de composition channels to produce CO not considered in the above discussion. In particular, under these conditions the methylperoxy radical arid methyl hydroperoxide are particularly long lived and wall reactions of these important species must be considered. Third, at the flow rates used in these experiments back diffusion is not negligible and may play a role. In particular, this diffusion makes the definition of residence time in the cell somewhat Fourth, the secondary chemistry of methanol may be important, although based on our experiments methanol appears to survive in the presence of oxygen under these conditions.
Fifth, since the partial oxidation of methane is exothermic, a significant temperature rise could occur during the reaction.
As shown in Figure 6 , such a temperature rise would result in lowered methanol yields.
The goal of this project is to use modern reaction kinetics to understand the chemistry involved in the partial oxidation of methane with oxygen. Under the conditions of these experiments, CO is the dominant product. Kinetic analysis suggests that reduced oxygen /methane ratios and lower temperatures should favor the production of the more desirable product methanol. Future experiments must determine whether by varying the pressures, cell size, etc. it is possible to get chain reactions to occur rapidly enough at those temperatures to be important.
Conclusions
These experiments indicate that laser initiation shortens the time scale necessary for the partial oxidation of methane by oxygen.
Relative product yields for carbon monoxide and methanol appear to be similar to those obtained in our apparatus under thermalinitiation conditions at the same temperature and pressures, as expected. While laser initiation dramatically enhances the production rate of carbon monoxide and methanol, production of carbon dioxide is not markedly affected. This is an encouraging result, suggesting that nonthermal initiation of the partial oxidation of methane may allow greater control over the products obtained. Further experiments are in progress to investigate the effects of temperature, pressure, and methane /oxygen ratio under conditions where thermal initiation is too slow to be practical. Under some of these conditions, it may be possible to achieve product yields quite different from those that can be obtained by thermal initiation. Experiments are also in progress to measure the reaction rate constants of the important steps in this partial oxidation and to model the reaction using kinetic codes. T(K) Figure 6 . Relative methanol yields predicted from methoxy radical rate constants plotted as a function of temperature as several different oxygen/methane ratios.
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